Abstract-An easy and quick way to deposit platinum (Pt)-ruthenium (Ru) alloy nanoparticles on hydrous ruthenium dioxide (RuO 2 .xH 2 O) as supporting materials was developed using microwave heating. The x-ray diffractometer and selective area electron diffraction (SAED) showed that Pt-Ru alloy was formed. The transmission electron microscopic (TEM) image showed that average size of Pt-Ru was about 2-3 nm. Cyclic voltammogram of a Pt-Ru/RuO 2 .xH 2 O electrode showed high specific capacitance due to the protonation reaction in the acidic electrolyte and catalytic activity, including the methanol oxidation. The new Pt-Ru/RuO 2 .xH 2 O can be used as anode electrode materials in monolithic fuel cell/supercapacitor hybrid energy devices, since it has already been demonstrated that a layer of RuO 2 .xH 2 O sandwiched between anode catalytic layer and a membrane improved the dynamic response of the direct methanol fuel cell (DMFC).
I. INTRODUCTION
Among the different types of fuel cell, the direct methanol fuel cell (DMFC) has particular advantages including ease operation, miniaturization and a simple fuel supply system [1] - [4] . In recent years, research interest in high power DMFC modules has increased. This kind of power module is mainly designed for applications where high power mobile electrical energy sources are required (i.e. electrical vehicles and portable electronics devices) [1] , [2] , [5] , [6] . Nevertheless, many problems relating to the operation of DMFCs under realistic operating conditions (i.e. dynamic operating conditions), have not been solved [7] - [11] . Therefore, all available fuel cell systems currently employ a large bank of battery or electrochemical (EC) capacitor between the electric load and fuel cell to buffer transient load demands [12] , [13] . This buffer system brings the difficulties of further limiting the miniaturization of the fuel cell power system and lowering system cost. Therefore, it is attractive to be able to operate the DMFC system reliably and effectively without such a buffer system or at least with a much smaller one in order to widen the market for DMFC.
The poor performance of the DMFC is due to the poor kinetics of the anode reaction and fuel crossover [3] , [14] , [15] . Compared with losses in proton exchange membrane fuel cell (PEMFC) such as activation polarization, electrolyte ionic resistance, electrode ionic/ohmic resistance, DMFC also Manuscript received November 10, 2015; revised March 10, 2016 . This work was supported in part by the U.S. Army CERDEC.
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includes larger anode activation overpotential and fuel crossover. The mass transport loss in DMFC is also much greater than that in PEMFC. The low catalyst utilization is due to the fact that only a relatively small amount of the catalyst surface materials are involved in direct contact with the three-phase boundaries consisting of proton conducting electrolyte, catalyst electrode, and fuel. More efficient use of the catalysts can be achieved by forming large surface area and electronic conductive carbon supported electrodes [16] . A primary role of the carbon support is to provide electrical connection between the widely dispersed catalyst particles and to be permeable to gases, water, and methanol. However, carbon itself does not conduct protons, which limits the achievable performance. Only those protons produced by the methanol electro-oxidation reaction near the membrane surface or within the diffusion length have a good chance to cross over the membrane to complete the reaction with oxygen in the cathode catalyst electrode. Such reactions are also limited to a thin layer near the membrane surface at the cathode side. Excessive Nafion was introduced into catalyst electrodes due to the electrode preparation in order to improve the proton conductivity in the catalyst electrodes; however, both the effective surface area of the catalyst nano-particles and the flow rate for fuel and gas are reduced due to decrease electrode porosity as a result of excessive Nafion, which covers the nano-particle surface.
It was proposed that the power performance of DMFC may be improved by introducing RuO 2 .xH 2 O to totally or partially replace carbon support material in the anode electrode [17] . RuO 2 .xH 2 O will not only play the role as a catalyst supporting material, but also as proton storage and a conductive medium. With a large number of protons stored in the anode electrode, the voltage and power stability of DMFC will be improved. The proton storage material of RuO 2 .xH 2 O dynamically delivers protons and retards any decrease in voltage (power) across the fuel cell with increasing fuel cell current or decreasing fuel cell concentration. Additionally, RuO 2 .xH 2 O also stores protons and retards any increase in voltage (power) across the fuel cell with decreasing fuel cell current or increasing fuel cell concentration. The capacitive characteristic of RuO 2 .xH 2 O will also compensate for the inductive characteristic of DMFC due to mass transport. The voltage overshoot and undershoot will disappear after decreasing and increasing current steps, respectively [17] . To demonstrate the basic concept mentioned above, we have modified DMFC with a layer of RuO 2 .xH 2 O layer sandwiched between the anode catalyst layer and membrane [18] . The previous experimental results have shown that by adding a layer of RuO 2 .xH 2 O between anode catalyst layer and membrane in a DMFC, the transient response has significantly improved [18] . However, the steady state performance is reduced because of the added ionic resistance of the RuO 2 .xH 2 O layer. Two important experimental results can be summarized as follows: (1) the transient voltage response of the regular DMFC was significantly improved which showed no overshoot or undershoot and the voltage swing reduced under the response of 0.3 Hz current square pulses; and (2) the proton conductivity of RuO 2 .xH 2 O layer was measured to be 5.310 -3 S/cm, which is close to the resistance obtained from the mixture of Pt/C and Nafion ionomer [17] . Due to the proton resistive layer, the ohmic resistance of the cell increased with increasing the loading (thickness) of RuO 2 .xH 2 O layer; therefore the output power decreased. In this paper, we will demonstrate a method to coat Pt or PtRu nanoparticles on the surface of RuO 2 .xH 2 O, which is used to replace carbon support material. It is believed that the new catalytic materials used as an anode electrode in DMFC can improve the transient and dynamic response and also does not scarify the steady state performance.
II. SAMPLE PREPARATION
It was known that the specific capacitance for both RuO 2 .xH 2 O and RuO 2 dropped sharply when they were annealed above a critical temperature at which the crystalline structure started to form. Typically, the critical temperature was about 120-150 o C [17] - [20] . It is important to develop a method for deposition of the catalysts at temperatures below the critical temperature. However, the conventional method for making Pt or PtRu on carbon black applied high temperature (such as >700 o C) in order to thermally decompose metal-chloride components. After such high temperature annealing process, the specific capacitance of RuO 2 .xH 2 O would be significantly reduced. A new method must be developed for making Pt or PtRu on RuO 2 .xH 2 O at low temperature such as <150 o C. It was reported that the microwave was applied to the boiling temperature at which the metal nanoparticles are formed [21] , [22] . The advantage of this method is that the solution will rapidly heat up and cool down (less than 1 minute) to accelerate the reduction of the metal precursor ions and the nucleation of the metal particle in order to guarantee the particle size on the order of nm. In addition, the homogeneous microwave heating could reduce the temperature and concentration gradients in the reacting sample solution, resulting in a more uniform environment for the nucleation and growth of metal particles; however, the disadvantage of this method is that temperature is difficult to control. Usually, the microwave will heat the solution rapidly to the boiling point. The most commonly used solution for this microwave method is ethylene glycol. At the boiling temperature of about 197.3 o C, the ethylene glycol decomposed homogeneously to release the reducing agent for metal ion reduction [23] . However, it is well above the critical temperature for RuO 2 .xH 2 O crystallization. It was found that the specific capacitance of RuO 2 .xH 2 O after boiling it with ethylene glycol was less than 100 F/g vs. 700 F/g before the boiling. This problem could be solved if the boiling point of ethylene glycol could be lowered to the limit where it would not hamper the specific capacitance of RuO 2 .xH 2 O. Since ethylene glycol is completely soluble in water, its boiling point could be lowered to the desired value (between 197.3 and 100 o C) by adding suitable amount of de ionized water as shown in Fig. 1 .
During the Pt deposition on RuO 2 .xH 2 O, 250 mg RuO 2 .xH 2 O (annealed at 116 o C for 20 hours) was mixed with 50 mL ethylene glycol and equivalent weight of de-ionized water (52 mL). The mixture was then sonicated for 30 minutes. 4.37 g chloroplatinic acid was added to this solution and the mixture was sonicated again for 30 minutes. Diluted NaOH solution (0.5 M/L) was added to the solution to keep the PH above 10. The solution was placed inside a home microwave and was heated for 70 seconds at high power. The solution was allowed to cool and filtered and washed with de-ionized water five times. Finally it was washed with ethanol, filtered and air dried at 70 o C for 12 hours. The dried powder was weighed and platinum loading in the mix was calculated. Difference in weight indicated that more than 95% of available platinum was deposited, hence giving 39% Pt loading vs. total weight of RuO 2 .xH 2 O and Pt. Anode catalyst ink was prepared by mixing the catalytic powder with isopropanol alcohol, few drops of Nafion which was deposited on glassy carbon electrode.
Similarly Pt-Ru alloy was deposited on RuO 2 .xH 2 O. 250 mg RuO 2 .xH 2 O was mixed with 50 mL ethylene glycol and 52 mL de-ionized water. The solution was sonicated for 30 minutes and 2.882 g of chloroplatinic acid and 117.46 mg of anhydrous ruthenium chloride was added to it. These quantities of precursors were chosen to get a molar ratio of Pt and Ru as 1:1 (approximate). The washing and drying processes were the same as mentioned above.
Cyclic voltammetry (CV) tests on these in-house made materials and commercial samples of Pt-Ru/C and Pt/C were performed, with 0.5 M/L H 2 SO 4 solution as the electrolyte and their catalytic activities were observed. Nitrogen gas was bubbled for 30 minutes through electrolyte in order to get rid of dissolved oxygen. The testing sample was pasted on a glassy carbon as a working electrode, platinum mesh was used as a counter electrode, and the saturated calomel electrode (SCE) was used as reference electrode. To study the methanol (CH 3 OH) oxidation activity, similar experiments were carried out but with 0.5 M/L H 2 SO 4 and 1 M/L CH 3 OH as electrolyte.
III. RESULTS AND DISCUSSION
In this work we are using a thermal decomposition technique by means of microwave heating to deposit Platinum and Platinum-Ruthenium alloy directly on unsupported hydrous ruthenium dioxide, without damaging the high capacitive properties of hydrous ruthenium dioxide. Literature [2] shows that specific capacitance of pure RuO 2 .xH 2 O could be significantly increased by annealing it at a certain temperature. The annealing temperature, however, will depend upon the particular batch of RuO 2 .xH 2 O, depending upon its preparation techniques etc. For this batch of RuO 2 .xH 2 O, sample annealed at 116 o C was found to show a very good specific capacitance. Improvement in specific capacitance after annealing could be seen in Fig. 1(a) and Ethylene glycol has been used as the reducing agent to reduce and thus deposit Pt from its precursor choloroplatnic acid and Ru from anhydrous ruthenium chloride on RuO 2 .xH 2 O. These reactions take place at high temperatures, and microwave heating is used to facilitate this. In order to achieve maximum loading, the mixture is to be heated to the point where ethylene glycol starts boiling. Therefore, the heating time in the microwave will depend upon the boiling point of ethylene glycol and total weight and volume of ingredients. As mentioned above, the annealing temperature used to obtain the high capacitance for this batch of RuO 2 .xH 2 O was 116 o C. Literature [2] shows that this temperature is fixed for particular batches of RuO 2 .xH 2 O and heating it below or above that particular temperature may degrade its high capacitive properties. Therefore, the mixture of ethylene glycol, choloroplatnic acid and anhydrous Ruthenium Chloride, 0.5M NaOH (to maintain PH above 10) and RuO 2 .xH 2 O is to be heated in the microwave to the point where it will surpass the boiling point of ethylene glycol i. Please note that Table I shows specific capacitance of RuO 2 .xH 2 O after Pt and Ru-Pt deposition using microwave heating method as slightly more than the plain sample of RuO 2 .xH 2 O annealed at 116 o C only. This increased capacitance could be owed to extra space charge added by the Platinum and or Ruthenium in the samples taken.
Cyclic voltammetry tests were performed on the samples prepared as discussed above and mentioned in experimental section i.e. Pt-Ru on RuO 2 .xH 2 O and Pt on RuO 2 .xH 2 O. Fig.  3(a) and Fig. 3(b) shows that highly dispersed Pt and Pt-Ru has been deposited on RuO 2 .xH 2 O. For comparison purposes similar experiments were also performed on commercial ETEK samples of Pt-Ru (20% Pt, 10% Ru) on C as shown in Fig. 3(c) and Pt (20%) on C as shown in Fig. 3(d) . Electrochemical surface areas using cyclic voltammetry (calculating the charge absorbed) were calculated [8] for all the four cases and are presented in Table II . Electrochemical surface areas calculated using this technique are showing lower values as per the standard values, most probably due to practical limitations in calculating the exact loading and the inability to obtain a uniform dispersed layer formation over the carbon glass electrode in the lab. But, under the same conditions, in-lab prepared Ru-Pt/ RuO 2 .xH 2 O and Pt/ RuO 2 .xH 2 O are giving comparable results to the commercial samples. Methanol oxidation activities, by calculating forward current peak to reverse current peak ratio were also calculated for all the samples, as shown in Fig. 4 . It could be seen that Pt-Ru alloy (molar ratio 1:1 approx) deposited on RuO 2 .xH 2 O gives much better methanol oxidation performance when compared to Pt directly deposited on RuO 2 .xH 2 O. This is of critical importance for materials to be used as catalysts in Direct Methanol fuel cells. TEM images, as shown in Fig. 5 , of these in-lab prepared samples were taken and studied. It is seen that Ru in amorphous phase is present in both of the samples. Also, very small sized platinum particles (2 nm approx) are seen in these images, which is in agreement to the data obtained from XRD analysis. 
where d is the average particle size, λ is the wavelength of x-ray light (1.54 Å), θ is the angle at the maximum peak, ρ is the density of Pt (21.4 g cm -3 ) and 1 2  is the full width of the half maximum (FWHM) of the diffraction peak. The average crystalline size calculated from Eqn. (1) 
IV. CONCLUSION
Highly dispersed Pt and Pt-Ru deposited on RuO 2 .xH 2 O using thermal decomposition by the means of using microwave heating were obtained. Measurement of specific capacitances before and after Pt and Pt-Ru deposition shows that high capacitive property of RuO 2 .xH 2 O can be retained in the process by controlling the boiling point of ethylene glycol with the help of adding suitable proportion of de-ionized water. Annealing the temperature to achieve the highest capacitance for RuO 2 
